Abstract: ATP is synthesized by F-type proton-translocating ATPases (F-ATPases) coupled with an electrochemical proton gradient established by an electron transfer chain. This mechanism is ubiquitously found in mitochondria, chloroplasts and bacteria. Vacuolar-type ATPases (V-ATPases) are found in endomembrane organelles, including lysosomes, endosomes, synaptic vesicles, etc., of animal and plant cells. These two physiologically different proton pumps exhibit similarities in subunit assembly, catalysis and the coupling mechanism from chemistry to proton transport through subunit rotation. We mostly discuss our own studies on the two proton pumps over the last three decades, including ones on purification, kinetic analysis, rotational catalysis and the diverse roles of acidic luminal organelles. The diversity of organellar proton pumps and their stochastic fluctuation are the important concepts derived recently from our studies.
In both mechanisms, an electron transfer chain establishes electrochemical proton gradient, which subsequently drives a proton-pumping ATPase for ATP synthesis. This ATPase was first recognized as factors (FoF 1 ) required for ATP synthesis through mitochondrial oxidative phosphorylation: F 1 stands for "factor one" or "coupling factor one" and Fo for a "factor giving oligomycin sensitivity" to F 1 (Fig. 1 ).
4)
F-ATPase, a name based on "factors", has been used widely ( Fig. 1) , 5) although physiologically they are ATP synthase in most organisms. Other name such as F-ATP synthase, H + -translocating ATPase and H + ATPase have also been used. Up to the early 1970s, common materials used †)
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for studying ATP synthesis were bovine mitochondria and spinach chloroplasts, and researchers in the field did not pay much attention to Escherichia coli.
3), 4) We became interested in bacterial FATPase, considering that the genetic approach combined with biochemistry would contribute greatly to a better understanding of the structure and mechanism of the complicated enzyme. Although E. coli F-ATPase was introduced later, its subunit assembly, amino acid sequence, catalytic residues and proton pathway were determined before those of most other organisms. 6) These results together with the recent bovine crystal structure 7) have established that FATPase is a unique membrane enzyme in coupling chemistry and proton transport through subunit rotation.
1)-3)
Proton pumping vacuolar-type ATPases or VATPases, 5) initially found in fungal vacuoles, are widely distributed in animals and plants, 8) -10) and are also called VoV 1 based on the similarities to the subunit structure and mechanism of F-ATPases (FoF 1 ) (Fig. 1) . Furthermore, V-ATPases have pro- A model of F-ATPase is shown; the catalytic hexamer (α 3 β 3 ) and membrane domain are connected by a stalk domain. The membrane extrinsic sector (F 1 ) and transmembrane domain (Fo) are shown together with schematic energy coupling between ATP synthesis/hydrolysis and proton transport through subunit rotation (yellow arrow).
vided methods and ideas for studying the roles of the acidic luminal pH in diverse organelles, including lysosomes and endosomes. It should be noted that the two ATPases are different from the mammalian stomach proton pump H + /K + ATPase that is PATPase 5) forming acylphosphate intermediate. We have shown the similarity of the ATPase to Na + /K + ATPase in gene organization and amino acid sequences, 11)-13) and its specific expression in the parietal cells of the gastric lumen.
12), 14), 15)
The proton pumping F-ATPases and VATPases have attracted interest in a wide range of research areas, and have been the most competitively studied enzymes. We mostly discuss our own studies on the two enzymes over the last three decades. Our initial interest was obviously to define F-ATPase biochemically, especially its subunits and their primary structures. This approach was extended to understand mechanism and catalysis using mutational analysis. We were interested in diverse endomembrane organelles with acidic lumen from early stage of our research.
16) Since fungal V-ATPases were introduced into the field of proton transporting ATPases, we were interested in their similarities to FATPase and diverse roles corresponding to different unique organelles. Results not discussed in detail here can be found in related review articles and those in the book edited by us.
17)
1. F-ATPase: from genes to stochastic catalysis Biochemistry of E. coli F-ATPase. Only limited information was available on E. coli F-ATPase when we started its purification and reconstitution. Our interest in the ATPase was originated from studies on active transport. Membrane vesicles obtained from bacterial plasma membranes were important for studying the transport in vitro. 18) Everted or insideout membrane vesicles could be obtained by disrupting the bacterial cells with a French press, 18) whereas right-side out vesicles were obtained by osmotic lysis of spheroplasts.
18)-20) The F-ATPase was localized in everted vesicles with its F 1 sector exposed to the outer surface, transporting protons into the vesicles, upon hydrolysis of ATP added to the solution.
21) The F 1 sector having ATPase activity could be released by washing the everted vesicles with dilute buffer, leaving Fo bound to the membranes.
21)
The F-ATPase could be reconstituted by combining solubilized F 1 and Fo in the washed membranes.
To define subunit organization, the F 1 sectors with different subunit assemblies, 5-subunit (α, β, γ, δ, ε) and 4-subunit (α, β, γ, ε) F 1 , were purified from the soluble fraction using conventional procedures ( Fig. 2A) .
21) Both F 1 sectors had ATPase activity, but only the 5-subunit F 1 , the first purified active E. coli F 1 , could bind to washed membranes, and form F-ATPase capable of ATP synthesis and ATP-hydrolysis dependent proton transport. These results indicate that the δ subunit is essential for F 1 binding to Fo. The purified F 1 could be dissociated at 4
• C in the presence of chaotropic agent such as KNO 3 or NaNO 3 , and all five subunits were purified to apparent homogeneity (Fig. 2B). 22), 23) The α 3 β 3 γ complex having ATPase activity could be reconstituted from the three purified subunits in the presence of Mg 2+ and ATP. 22) Combination of the α 3 β 3 γ complex with the δ and ε subunits allowed reconstitution of functional F 1 that could bind to Fo.
23) The purified α and β subunits had nucleotide binding sites, 23) , 24) consistent with the results of studies on the binding of ATP analogues. Localization of the F 1 sector on the cytoplasmic surface of the E. coli plasma membrane was shown using antibodies against 5-subunit F 1 .
18)
Purification of the entire F-ATPase was difficult because of its complex subunit structure including transmembrane proteins. F-ATPase solu- bilized from membranes with a detergent had to be subjected to "state of art" procedures to obtain an active pure protein assembly. 25) However, rapid one-step purification of the detergent-solubilized FATPase became possible 26) from an overproducing strain (DK8/pBWU13), in which ∼ 30% of the inner membrane protein was F-ATPase.
27) The purified FATPase (α, β, γ, δ, ε, a, b, and c subunits) reconstituted into liposomes could form a proton gradient or membrane potential upon ATP hydrolysis (Fig. 2C) .
Genetics of F-ATPase. Using E. coli, FATPase could be studied utilizing genetic approaches that are difficult to use for those from mammalian mitochondria or plant chloroplasts. Mutants with defective F-ATPase are unable to grow on succinate because they can not synthesize ATP through oxidative phosphorylation. They can grow, however, on glucose, synthesizing ATP through glycolysis.
3) This growth phenotype led to an easy protocol for isolating mutants. Gibson and coworkers introduced the term unc (uncoupled) genes coding subunits of FATPase, since they isolated unc mutants: cells with defective unc genes have a normal electron transfer chain (respiratory chain), but exhibit no ATP synthesis, thus being uncoupled in oxidative phosphorylation. 28) Many unc mutations have been isolated by our group, and their gene cluster, the unc operon, was found to be localized around 82.5 min (between the asn and bgl genes) on the linkage map, where origin of the chromosome replication (OriC ) was also mapped 29) (Fig. 3) . Interest in OriC resulted in the isolation of a series of transducing λ phages carrying a chromosome segment around the 82.5 min region.
29)
We found that transducing phage λasn-5 could complement all unc mutants available, whereas other phages, such as λbgl -2 or λunc-1 could only complement limited numbers of the mutants (Fig. 3A) .
30)
After induction of lysogenic λasn-5 phage, the FATPase activity, amount of Fo (as F 1 binding site), and proton pathway were all increased, 30) indicating that the phage carries the genes for an entire F-ATPase. All eight polypeptides in the purified FATPase were shown to be authentic subunits, since they were overproduced stoichiometrically upon induction. 25) Complementation of available unc mutants was tested with a series of transducing phages and their DNA segments, and the unc operon was 
31)
Finally, DNA sequences of the eight genes encoding the amino acid sequences of the individual subunits were obtained.
32)-35)
The unc operon is formed from three genes for Fo (B, E, and F ) and five for F 1 (H, A, G, D, and C) organized in that order downstream of the promoter, 6), 36) encoding the a, c, b, δ, α, γ, β, and ε subunits, respectively. Thus, subunits of F-ATPase were defined with their primary structures. It became easier, after sequencing of the entire operon, to map mutations to subunits, followed by identification of amino acid replacements. Before the gene sequence became available, methods for identifying the subunits with mutations were limited.
37)
Although it was not easy to construct a recombinant plasmid carrying all the genes of the unc operon directly from the bacterial DNA, such a plasmid (pBWU13) was constructed by combining DNA fragments derived from λasn-5 (Fig. 3B) . 27) pBWU13 with or without mutation has been used widely for biochemical studies.
To detect a DNA fragment with point mutations, we have used the mobility shift on gel electrophoresis. 38), 39) A similar method was applied later to identify human DNA polymorphisms.
40)
Catalysis in the β subunit. As described above, purified α and β subunit had nucleotide binding sites, and could reconstitute α 3 β 3 γ complex having ATPase activity. Since the DNA sequence of F-ATPase genes was available, it became possible to study the catalytic site by F-ATPase with defined amino acid substitutions. Mutants of the α and β subunits often exhibit reduced synthesis and hydrolysis of ATP, 41), 42) consistent with the notion that the catalytic site is present at the interface between the two subunits.
2)
Although the steady state ATPase activity of the purified F 1 sector had been assayed in the presence of a large excess of ATP, uni-site catalysis with a small amount of ATP just sufficient for a single catalytic site was introduced.
43) Steady state catalysis is ∼10 6 fold faster than uni-site catalysis. Mutations in the α subunit often lowered the steady state rate more than 1000-fold, but uni-site catalysis was maintained.
42), 44) Mixed reconstitution experiments suggested that the steady state ATPase activity was lost when one α or β subunit from the defective mutant was introduced into the α 3 β 3 γ complex.
45) Similarly, the steady state ATPase was lost when one of the three catalytic subunits was chemically modified or affinity-labeled.
46)-48) These results suggest that the three sites cooperatively synthesize or hydrolyze ATP.
The β subunit has a conserved sequence named the phosphate-binding P-loop (E. coli sequence, GlyGlyAlaGlyValGlyLysThr, Gly149 ∼ Thr156) (Fig. 4A) . The P-loop (consensus, Gly-X-X-X-XGly-Lys-Thr/Ser), also called the glycine-rich sequence, is conserved among ATP-or GTP-binding proteins such as p21 Ras protein, adenylate kinase, V-ATPase subunit A, etc. 49) One of the randomly isolated mutants with a low steady state ATPase was mapped to the P-loop (Gly149 → Ala).
49) Furthermore, the β subunit sequence could be replaced by that of p21 Ras, indicating the similar structures and roles of the P-loop in the two proteins. However, the sequence with Gly between Lys and Thr, such as that of adenylate kinase, was not functional, 50) possibly because the orientation of the Thr156 residue was altered by the insertion. The ATP analogue adenosine triphosphopyridoxal bound to Lys155, suggesting that this residue is close to the γ phosphate moiety of ATP.
48) Furthermore, the GERXXE (Gly180-Glu185) sequence of the β subunit is conserved in F 1 from different species and in the A subunit of VATPase. DCCD (dicyclohexylcarbodiimide) bound to Glu-181 in the sequence.
46)
Based on these results, we systematically replaced conserved residues in the β subunit one by one, especially between Gly149 and Glu185. Mutations were introduced into the gene carried by the recombinant plasmid (pBWU13) 27) ( Fig. 3B) , and overproduced mutant F 1 sectors were purified for biochemical analysis including of kinetics. The mutants (Lys155 → Ala, Ser or Thr; Thr156 → Ala, Cys, Asp) showed low steady state catalysis rates (≤ 10 −5 of the wild-type level) and lower k 1 rates (≤ 10 −2 ) of ATP binding in single site kinetics, suggesting that Lys155 and Thr156 are catalytic residues.
51)-53) Similarly, kinetic analysis of mutant F 1 suggested that Glu181 and Arg182 are catalytic residues.
53), 54)
All replacements of Glu185 except that with Asp caused loss of steady catalysis (< 0.2% of wild-type rate), whereas the enzyme with an Asp residue or a chemically introduced S-carboxymethyl cysteine at position 185 exhibited a substantial steady state.
54)
Gln185 or Cys185 mutant F 1 retained similar single site catalysis to that of the wild-type, suggesting Modified from reviews.
1), 56)
that a carboxyl moiety at position 185 is essential for catalytic cooperativity. 54) Similarly, substitution of Arg373 of the α subunit resulted in 2 × 10 −3 -fold lower steady state activity than the wild-type, but still exhibited wild-type single site catalysis.
55) The two residues are related to information transfer between the three catalytic sites, although they do not directly participate in hydrolysis/synthesis.
The crystal structure of bovine F 1 was determined by Walker and coworkers during our mutational studies. 7) Since the amino acid sequences of the β subunits of E. coli and beef are about 70% homologous, the bacterial residues could be located in the higher-ordered structure. As expected, the cat- The results of mutational studies of the γ subunit are summarized and shown on the bovine crystal structure.
7) The Met-23Lys mutant of the γ subunit of F-ATPase exhibited wild-type ATPase activity, but reduced proton translocation. This defect was restored by one of the second mutations mapped distantly (blue circles). Cited from previous studies.
60)-62)
alytic residues and others discussed above are located close to the bound ATP in the β subunit (Fig. 4B ).
7)
It should be emphasized that the mutational approach applied to the conserved residues has been fruitful.
Role of the γ subunit in energy coupling. Mutational studies suggested that γ subunit (Fig. 5) participates energy coupling between catalysis and proton transport as well as regulation of ATPase activity.
56) Such studies are briefly discussed below. The amino acid sequence of the γ subunit is less conserved among different species; early alignment of the known γ subunit sequence revealed 28 conserved residues. Eighteen of them were located within 50 residues of the carboxy terminus, and four of them are in the amino terminal region. The results of sequential deletion of residues suggested that the carboxyl terminal region functions in catalysis and is coupled with proton translocation.
5), 57), 58)
The importance of the conserved amino terminal region was suggested by deletion of residues between Lys21 and Ala27, which resulted in the loss of F 1 assembly and proton leakage through membrane via Fo. 59) We systematically introduced mutations in the conserved amino terminal region. 60) Most of the changes only slightly affected ATP synthesis and ATPase activity. Interesting exceptions were the Met23 → Arg and Met23 → Lys mutants (Fig. 5) . They could not grow on succinate through oxidative phosphorylation, and their membranes showed very low proton pumping. However, they had similar ATPase activities to that of the wild-type, indicating that the mutants exhibited decreased efficiency in energy coupling. The defect caused by the Met23Lys mutation was reversed by the second mutation mapped to the γ subunit carboxyl terminus (residues at positions 242 and 269-280) (Fig. 5) .
61) Furthermore, defects with mutations in the carboxyl terminus (γGln269 → Glu and γThr273 → Val) were suppressed by single amino acid replacements at the amino terminus.
61), 62)
These mutation results could be correlated to the structures of the β and γ subunits, once the X-ray structure became available.
7) The residues of which substitution suppressed the initial mutation, Met23Lys, were located in the γ subunit region interacting with the β subunit. Typically, the γ subunit Met23 residue is located close to the β subunit Asp380-Asp386 loop (called the DELSEED loop, the sequence with comprising one letter symbols). The mutant Lys23 could form an ionized hydrogen bond with β subunit Glu381. On the other hand, the γ subunit carboxyl terminal residues, such as Glu269 or Thr293, do not directly interact with the first mutation. The occurrence of such suppression over a long distance suggested that the two α helices of the γ subunit undergo long-range conformational changes during catalysis. Consistent with this notion, the crystal structure has shown different conformations of the γ subunit relative to the ATP-bound, ADP-bound and empty β subunit (abbreviated as β T , β D and β E , respectively).
7)
Rotation to proton pathway. After the sequences of the Fo subunits had been obtained, the possible secondary structures of the subunits were estimated, also using other information 6), 36) : c subunit, two hairpin-like transmembrane helices connected by a central polar sequence that is exposed to the cytoplasm; a subunit, five trans-membrane helices; b subunit, embedded in the membrane through an amino terminal helix and a long helical domain ex-tending into the cytoplasm. These estimated structures were supported by extensive later studies.
63)
The mutations of the subunit a and the c subunit impaired proton transport and F 1 binding, 64), 65) and the entire carboxyl terminal region of the b subunit was shown to be necessary for assembly of the functional Fo. 66) These results indicated the roles of Fo subunits in energy coupling and assembly of the proton pathway.
Mutations in the a or c subunit caused defective proton transport, consistent with the notion that a proton pathways was formed from the two subunits.
1)-3) The defective proton transport of the c subunit mutant could be complemented with high copy number plasmids carrying the wild-type gene, but not with low copy number ones. This was one of the earliest suggestions that a functional unit of the c subunit is an oligomer. 65) We proposed, based on an image obtained on atomic force microscopy (AFM), that the multiple c subunits form a ring structure.
67) Consistent with these early suggestions, the structure of yeast F 1 attached to the c subunit ring with ten monomers was solved by X-ray crystallography.
68) It has been established that a proton pathway is formed by the Asp61 and Arg210 residues of the c and a subunits, respectively.
69)
Our series of experiments together with those of other laboratories suggested that three β subunits sequentially participate in catalysis through conformation changes. Furthermore, the different orientation of the γ subunit as to the three β subunits in the crystal structure 7) strongly supports γ subunit rotation.
The ATP hydrolysis-dependent continuous rotation of an actin filament connected to the γ subunit of Bacillus F 1 was video-recorded recently.
70)
We confirmed the γ rotation in E. coli F 1 using the same method, 71) and subsequently studied the entire F-ATPase to determine the physiological significance of the rotation (Fig. 6) .
As a part of the F-ATPase mechanism, the γ rotation should be transmitted to the Fo sector to complete ATP hydrolysis-dependent proton pumping. Reversibly in ATP synthesis, proton transport through Fo should lead to rotation of the γ subunit. To examine the rotation of the Fo sector with the γ subunit, purified F-ATPase was immobilized on a glass surface through His residues introduced into the α subunit. An actin filament connected to the c ring continuously rotated in an anticlockwise direction, indicating that the c ring forms a rotor with the γ subunit (Fig. 6B) .
72) An actin filament connected to the β subunit also rotated in the F-ATPase immobilized through the c ring.
73) Furthermore, an actin probe connected to the β subunit rotated in F-ATPase embedded in a planar membrane.
74) The relative rotation of the c ring as to the a subunit was also shown in the membrane F-ATPase (Fig. 6B, iii) . These studies established the rotational catalysis of F-ATPase, showing that γεc 10 and α 3 β 3 δab 2 were an interchangeable rotor and a stator, respectively.
75), 76)
Toward rotational mechanism. The mechanism of rotation and generation of torque became of interest. The maximal rotational rate of an actin filament (∼ 1 µm long) was ∼ 10 sec −1 , much slower than that expected from ATPase turnover, possibly due to the high viscous drag due to the filament.
70)-74) It is widely accepted that the ε subunit is inhibitory as to F 1 ATPase activity, and its inhibitory domain was mapped to the carboxyl terminus.
77) However, we could not observe effects of the ε subunit on rotation using the actin filament.
78)
Similarly, the same probe was not useful for characterizing the mutant F 1 , which exhibited significantly lower ATPase activity than the wild-type.
79)
Although an actin probe has been useful for demonstrating rotary catalysis qualitatively, probes with lower viscous drag are required for further studies to establish the rotation mechanism.
We used 40 and 60 nm gold beads for further studies (Fig. 6C) . Since the diameter of the F 1 sector is ∼ 10 nm, the beads were 4 ∼ 6 fold larger than that of F 1 , a much smaller probe than an actin filament. We observed that the rotation rates of 40 and 60 nm diameter gold beads were significantly higher than those of 100 and 200 nm ones (Fig. 7A). 78), 80) Since the rates of the single beads were variable (Fig. 7A) , we estimated the rates every 10 m sec. The resulting histograms showed a Gaussian distribution, and clearly indicated the stochastic fluctuation of the rates when the results for ∼20 beads were combined (Fig. 7B, C ) or single beads were followed.
81) The maximal and average rates for 40 ∼ 60 nm beads were ∼700 and 380 rps (revolutions/sec), respectively.
78)
The average rate was ∼ 10-fold higher than the value expected from that of the steady state ATPase, indicating that ∼ 10% of F 1 is rotating in m sec time resolution.
The mutants with the β subunit Ser174Phe and Ser174Leu substitutions are interesting ones isolated earlier. 27 ), 41) They could not synthesize ATP and had ∼ 10% the ATPase activity of the wild-type. However, rotation of an actin probe attached to the mutant was not strikingly different from those in the case of the wild-type 79) : Ser174Leu and Ser174Phe generated similar and ∼ 1/2 torque compared to the wild-type, respectively. The mutant rotations were re-evaluated using 60 nm gold beads.
81) The mutant rates were ∼ 10 rps due to the higher tendency of pausing at 120
• steps than in the case of the wildtype. Since the rotation was assayed in the presence of a high concentration of ATP, the pausing occurred before release of the product. The pausing dwell times were stochastically variable. The Ser174Phe mutation was suppressed by the Gly149Ala substitution, and Ser174Phe/Gly149Ala became essentially similar to the wild-type. 82) These results indicated the active role of the region between β-Sheet 4 and the P-loop, where Ser174 and Gly149 are located, respectively. Consistent with the surface location of Ser174 near the α subunit, the Ser174Phe mutation was also suppressed by a second mutation in the α subunit (Arg276Cys).
83)

Vacuole type ATPases (V-ATPases)
and acidic compartments Similarities to F-ATPase. V-ATPases are localized in various endomembrane organelles including early endosomes, lysosomes, the Golgi apparatus, synaptic vesicles, and plasma membranes (Fig. 8) . They are biochemically similar to F-ATPases, although their physiological roles are apparently different.
8)-10) The V-ATPase A and B subunits are homologues of the F-ATPase β and α subunits, respectively, V-ATPase catalytic site of A subunit may be similar to that of the F-ATPase β subunit (Fig. 4) . The subunit D corresponds to the γ as judged from the results of sequence and cross-linking experiments 84) (Fig. 8B ). Similar to in F-ATPases, three catalytic sites in the A 3 B 3 hexamer showed cooperativity. 85) A ring structure similar to the c ring may be formed from the c, c and c subunits in yeast V-ATPase.
8) The mammalian ring may be slightly different, because c was not found in mice.
86) Subunit c, c and c are duplicated forms of which the amino and carboxyl terminal halves are homologous to those of the F-ATPase c subunit.
In the ATPase family, only V-ATPases are sensitive to macrolide antibiotics Bafilomycin A1 and Concanamycin A.
87) The initial finding of high affinity Bafilomycin binding to the Vo sector was made for chromaffin granule enzyme. 85) These antibiotics became essential reagents for studying acidic organelles in mammalian cells, as described below.
The biochemical similarities of the two enzymes suggested that the V-ATPase catalysis may be reversible. As expected, yeast V-ATPase synthesized ATP from ADP and phosphate in vacuolar vesicles when an electrochemical proton gradient was established in engineered vacuoles.
88) The gradient was generated upon hydrolysis of pyrophosphate by the Arabidopsis thaliana proton-transporting pyrophosphatase, which was expressed in the vacuoles. The ATP synthesis was sensitive to Bafilomycin A 1 , similar to ATP hydrolysis. It should be noted that V-ATPases do not synthesize ATP physiologically, since they are localized in the organelles that can not generate a sufficient electrochemical proton gradient.
Encouraged by rotation of the F-ATPase holoenzyme, and finding of its interchangeable rotor and stator, 72)-74) we immobilized V-ATPase through the c subunit. An actin filament connected to subunit G rotated continuously, generating essentially the same torque as one connected to F-ATPase.
89) It should be noted that subunit G exhibits some homology to subunit b, which forms a stator with the a subunit in F-ATPase. Thus, the rotation of G relative to c was reasonable to observe experimentally. Concanamycin A inhibited rotation, confirming the close coupling between trans-membrane proton transport and subunit rotation, since the antibiotic binds to the Vo sector. The details of the rotation mechanism must await further analysis with probes exhibiting low viscous drag.
V-ATPase, essential for animal development. Yeast mutant cells with deletion of one of the VMA (Vacuolar Membrane ATPase) genes encoding VATPase subunits could not grow at neutral pH, whereas they could grow at acidic pH, possibly forming acidic compartments through constitutive endocytosis. 8) These results indicate that acidic compartments generated by V-ATPase are essential for yeast growth. The obvious and interesting question is whether V-ATPase is required for the development of higher organisms.
The C. elegans C subunit is encoded by a single gene 90) and has no isoforms, whereas subunit a has four isoforms expressed in different cells.
91) The worm became embryonic lethal upon injection of the double-stranded RNA corresponding to the C sub- unit. The RNAs corresponding to the three subunit a isoforms generated either lethal embryos (unc-32 gene) or caused death at a specific larval stage (vha-5 or vha-6), whereas the vha-7 RNA had no effect.
91)
These results indicated that V-ATPase is essential for worm embryogenesis. Mouse embryos have extensively developed acidic compartments in the cytoplasm from the single cell stage, which can be stained with a pH indicator dye.
92) It is of interest as to whether these compartments are required for early embryonic development. Knock-out mice as to the c subunit could be used to answer this question, since the mammalian c subunit is encoded by a single gene and has no isoform. 93) Mouse embryos lacking the c subunit genes (homozygote) 94) could grow up to the blastocyst stage, but could not become implanted, leading to an embryonic lethal phenotype.
92) The mutant blastocyst cells cultured in vitro had no acidic organelles inside, and thus could not take up dextran (Fig. 9A, B) .
92) The endomembrane organelles of the mutant cells were altered and extensively vacuolated (Fig. 9C) . These results clearly indicate that the electrochemical proton gradient established by V-ATPase is essential for early mammalian development.
Transport driven by V-ATPase. The proton gradient and membrane potential established by VATPase drive active transport into organelles such as synaptic vesicles, microvesicles and secretory granules.
95)-99) Glutamate is accumulated in synaptic vesicles or norepinephrine in micro-vesicles coupled with the membrane potential, 96) whereas serotonin or γ amino butyric acid is transported coupled with the proton gradient. 95) As expected, this transport was abolished by ionophores, uncouplers, Bafilomycin, or Concanamycin A. The neurotransmitters accumulated in these vesicles are released into the synaptic cleft upon their fusion with the presynaptic plasma membrane.
The pH gradient also led to the accumulation of lipophilic amines in an acidic compartment.
100)
Their non-protonated forms pass through membranes freely because of the hydrophobicity. However, they become unable to pass through membranes, and thus, are accumulated in the organellar lumen once protonated at acidic pH. Lipophilic amines such as acridine orange or quinacrine had been widely used to assay the formation of an electrochemical proton gradient in membrane vesicles or organelles. 30) Following this mechanism, local anesthetics and antineoplastic drugs were accumulated in acidic organelles, and lowered their luminal pH.
The accumulation may be related to the drug action mechanism.
Bafilomycin and Concanamycin have been useful for studying the roles of acidic compartments established by V-ATPases. In the presence of Bafilomycin, epidermal growth factor (EGF) was transported to lysosomes, but its proteolysis in lysosomes was inhibited.
101) Similarly, diphtheria toxin was transported to endosomes, but its processing was inhibited.
102) The organellar enzymes became defective when the acidic pH was abolished, although the cargo (EGF or toxin) was transported to its destination in the absence of an acidic pH.
Diverse acidic compartments. Due to interest in the physiological roles of mammalian V-ATPases, we have cloned mouse cDNA homologous to yeast subunit genes. A number of isoforms has been found for the subunits of Vo sectors (a, d) and the stalk domain (C, E, G) connecting V 1 and Vo (Fig. 8B) , although only the B1 and B2 isoforms were known before our studies.
103) The isoforms of stalk domain subunits (C, E, G) are as follows: C2-a, lamaller bodies of lung type II alveolar cells 104) ; C2-b, plasma membrane of renal α and β intercalated cells 104) ; E1, specific for acrosome and testis 105), 106) ; G2, synaptic vesicles; and G3, kidney.
107) The ubiquitously expressed isoforms are C1, E2 and G1, respectively.
The cDNAs of the stalk subunits could complement the yeast mutant lacking the corresponding genes. Thus, we could study the mouse subunit in a mouse/yeast hybrid V-ATPase. Interestingly, the hybrid with E1 could not transport protons at higher temperature, although that with E2 could.
105) Since the enzyme with E1 and E2 had the same ATPase activity, the E1 hybrid was uncoupled at higher temperature. The V-ATPase with the C2 − a or C2 − b subunit showed a lower Km and proton transport than that with C1 or Vma5p (yeast C subunit).
104)
These results imply that the stalk region plays roles by regulating ATPase and in energy coupling.
Yeast Vo has three subunits, c, c and c , whereas Fo only has c. 8) C. elegans has two genes for the c subunit, although it was difficult to demonstrate correspondence to yeast c and c from their sequence similarities. 108) Only c and c were found in mammalians. 86) Four isoforms, a1, a2, a3 and a4, were found for mammalian subunit a.
109), 110) Iso- 
92)
form a4 was found immunochemically in the apical and basolateral plasma membranes of cortical α-and β-intercalated cells in the kidney-collecting duct, 110) whereas a1, a2, and a3, exhibiting 48-52% sequence identity, were expressed ubiquitously. 109) Similarly, d2 is expressed in kidneys, whereas d1 is ubiquitous.
107) Thus, unique V-ATPases are related to cellor organelle-specific physiology. Some of the genes were identified as disease-related ones. Human genes for V-ATPase subunits have been summarized together with their aliases and synonyms.
111) It is noteworthy that only isoforms of subunit a (Stv1 and Vph1 ) were found in yeast. 112) Thus, the diverse VATPase isoforms in higher eukaryotes may be due to the evolution of cells and organelles.
Osteoclasts. The acidic lumen formed by VATPases is essential for many cell biological and physiological processes. V-ATPases play roles other than in the transport of protons? Their subunits, especially transmembrane subunits, may play roles to localize V-ATPase to the specific organellar membranes. In this regard, the results for osteoclasts are of interest to review.
Bone homeostasis in vertebrates is maintained through an equilibrium between bone formation and resorption. Resorption activity is provided by osteoclasts, fully differentiated multinuclear cells of monocyte-macrophage lineage.
113) An acidic pH is required in the bone resorption lacuna, the compartment for dissolving hydroxyapatite and degradading the bone matrix. A V-ATPase, highly expressed in the osteoclast plasma membrane, pumps protons into the lacuna. It was of interest to determine which V-ATPase subtype is present in osteoclasts.
We found that the a3 isoform is specifically localized in the plasma membrane and its vicinity of osteoclasts derived from bone marrow cells (Fig. 10) . 109) On the other hand, a1 and a2 were found in cytoplasmic organelles of the same cells. The presence of a3 in osteoclasts was confirmed by immuno-histochemical staining of sections of tibiae and femora. Consistent with this localization, disruption of the ATP6 gene encoding for mouse a3 causes severe osteopetrosis.
113), 114) These results suggested that a3 is a key subunit of a V-ATPase for its plasma membrane localization.
However, the a3 isoform is not restricted to osteoclasts, being expressed in all tissues examined.
109)
V-ATPase with an a3 isoform was localized to late endosomes and lysosomes in non-osteoclast cells such as NIH3T3 cells and other cell lines.
115) RAW264.7 cells, an established macrophage cell line, can form multinuclear cells, when cultured with sRANKL (the extra cellular domains of receptor activators of nuclear factor κB ligand). The differentiated cells express osteoclast markers including tartarate-resistant acid phosphatase (TRAP) and cathepsin K, indicating that RAW264.7 cells can be a good model for studying localization of V-ATPase during the differentiation. However, in contrast to in osteoclasts, the a3 isoform and lysosome marker proteins were localized in the same organelles before the addition of sRANKL and one day after addition (Fig. 10A , Day 1), indicating that the a3 isoform is localized to lysosomes and late endosomes of the osteoclast projenitor or an early stage after stimulation.
Upon stimulation, the a3 isoform and lamp2 (lysosome-associated membrane protein 2) were localized in the same organelles associated with a filamentous structure extending to the cell surface (Fig. 10A, Days 3, and 5 ).
115) After 7 days' incubation, the two markers were localized mostly on the plasma membranes of mature multi-nuclear osteoclast-like cells (Fig. 10A, Day 7) . As shown on immunoelectron microscopy, the a3 signal was highly concentrated at the cell periphery and plasma membrane facing to bone matrix (Fig. 10B) . These results suggest that V-ATPases of the a3 isoform localized in late endosomes/lysosomes were transported to the cell periphery, and finally assembled into the plasma membrane of osteoclasts. The a3 isoform may play a role in targeting lysosomes to plasma membranes.
Endocytosis and exocytosis. The exocytosis and endocytosis pathways allows the secretion and uptake of proteins, and small molecular ligands and transmitters. The kidney plays important roles in mammalian homeostasis, including in acid secretion, bicarbonate uptake, and protein reabsorption. Immunoprecipitation from a kidney extract revealed the presence of two type V-ATPases formed from kidney-specific isoforms B1, G3, d1, a4 and C2b and other subunits, and ones formed from ubiquitously expressed B2, C1, G1 and a1, a2 or a3 are present in the kidney (Fig. 8B) . 104) These results suggest that V-ATPases have unique subunit isoforms for renal ion homeostasis.
An acidic pH is required in the lumen of organelles along the endocytic or exocytic pathway (Fig. 8A) . A pH-sensor that may couple the luminal pH to the formation of transport vesicles has been postulated. 116) During endocytosis/exocytosis, carrier vesicles bud from early endosomes and transfer cargos to late endosomes (Fig. 8A) . Both GTPbinding protein Arf6 and its cognate GDP/GTP exchange factor, ARNO (ADP-ribosylation factor nucleotide site opener), have been implicated in carrier vesicle coat formation. The recruitment of Arf6 and ARNO to the endosomal membrane is driven by an intra-endosomal acidic pH. This pH-sensitive mechanism involves interaction of Arf6 with the c subunit and ARNO with the a2 isoform.
V-ATPase with an a3 isoform is highly expressed in pancreatic islet β cells and is localized in insulin secretory vesicles.
117) The oc/oc mutant mouse with deletion of a part of the a3 gene exhibited low blood insulin level together with severe osteopetrosis. The osteoporosis is due to the defective proton transport into bone resorption lacuna, as discussed above. The mutant Langerhans islets contained mature insulin, but its secretion in response to glucose 9), 106), 115) or depolarization was impaired. These observations suggest that the oc/oc mouse is defective in the exocytosis of secretory vesicles. βTC9 cells, having the characteristics of β cells, could secrete insulin even after Bafilomycin treatment. These results indicate that the secretion does not require acidification, but is dependent on the presence of V-ATPase with an a3 isoform in the membranes of secretory vesicles. These results suggest that the subunits of V-ATPase play roles in regulating membrane trafficking in exocytosis or endocytosis.
We have discussed our studies over the three decades on proton pumping F-ATPases and VATPases. The important results include the stochastic properties of F-ATPases and diverse V-ATPases. Furthermore, the results obtained suggest that VATPase subunit isoforms play roles in targeting to organellar membranes. These findings emphasize a new concept of the enzyme.
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